First principles molecular dynamics studies of the low, intermediate, and high temperature phases of Ge(lll) are reviewed. The atomic structure and electronic properties of the c(2 × 8) reconstruction, the diffusion of Ge adatoms at the c(2 × 8) ~ (1 × 1) disordering transition at T ~ 300°C, and the behavior of Ge(lll) close to the bulk melting temperature are discussed.
Introduction
The structure of clean semiconductor surfaces has been studied for about 30 years by a variety of experimental techniques. In this context, theoretical first principles calculations, particularly those based on local density functional theory, have provided a fundamental contribution to the detailed understanding of experimental observations [1] [2] [3] [4] . More recently, the high temperature behavior of semiconductor surfaces has received increasing attention because of the importance of understanding phenomena like surface phase transitions, diffusion and epitaxial growth. Standard molecular dynamics (MD) simula-tions based on empirical or semiempirical interatomic potentials -usually reasonable for the study of metal surfaces -are not adequate to account for the subtle connection between atomic dynamics and electronic structure taking place at semiconductor surfaces. The electronic states and the nature of the chemical bond itself depend so much on geometry, to require, as a rule, a full-fledge electron reoptimization, at the same time as the atoms move. Particularly at high temperature, much insight is expected to come from ab initio calculations, such as molecular dynamics simulations based on the approach of Car and Parrinello [5] .
In this paper we review recent first principles MD studies of the low [4] , intermediate [6] , and high temperature [7] phases of the Ge(lll) surface. Ge(lll) has been chosen both as a prototype clean semiconductor surface, and for the rich variety of experimental results, concerning in particular the intermediate and high temperature phases. Our theoretical approach and the technical aspects of our calculations have been described in detail previously, and will not be repeated here. Section 2 deals with the structure and electronic properties of the low temperature stable c(2 X 8) structure. Our calculations show that asymmetries are present in the surface unit cell, which can explain low energy electron diffraction (LEED) [8] and scanning tunneling microscopy (STM) [9] data. Results pertinent to the c(2 × 8) ~ (1 X 1) disordering transition at T ~ 300°C are presented in Section 3. We find that the activation energy for the adatom to diffuse when located at thestable T 4 binding site (above 2nd layer Ge atoms) is about five times larger than when located at the H 3 site (above 4th layer atoms), explaining why no occupancy of the H s site is experimentally detected. Our calculations also confirm that the diffusion takes place along the [110] adatom row directions, as is seen by STM [10] , and that it is more favorable if the motion is correlated, i.e. by a shift of complete rows or pieces of rows of adatoms. Finally the behavior of Ge(111) close to the bulk melting temperature is discussed in Section 4. We find that the first bilayer becomes dynamically disordered, with liquid-like hopping diffusion. At the same time, the surface electronic structure acquires a metallic character, as in liquid Ge. Remarkably, however, this state does not propagate on to the second and deeper bilayers which remain solid, semiconducting, and non-diffusive, therefore indicating that Ge(lll) undergoes incomplete melting. This picture appears to agree with most experimental results, providing in particular a quantitative description of X-ray diffraction scattering intensities by Silfhout et al. [11] , and very recent electron energy loss spectroscopy (EELS) data by Modesti et al. [12] .
The low temperature stable structure of Ge(111)
Like most clean semiconductor surfaces, the (111) surface of Ge shows a variety of structures depending on conditions. The cleaved surface exhibits a (2 X 1) reconstruction. This surface is metastable, and upon annealing at T ~ 100°C transforms irreversibly to a c(2 X 8) structure. The physical mechanisms that stabilize these two surfaces are very different. In the (2 X 1) structure, the surface atoms rearrange themselves in such a way that the dangling bonds become localized in nearest neighbor atoms, allowing for 7r-bonding along the resulting chain of atoms [1, 13] . On the other hand the c(2 × 8) recon-3 struction involves the saturation of ~ of the surface dangling bonds by extra atoms called the "adatoms", forming a so-called "simple adatom" structure [14] [15] [16] [17] . Experiments have shown that the adatoms sit at T 4 sites [15] [16] [17] , above 2nd layer Ge atoms, and are arranged in a way that the c(2 X 8) structure can be decomposed in alternating (2 X 2) and c(2 X 4) subunits [14] . Electronic charge transfer from the 1 adatoms to the restatoms (i.e. the ~ fraction of surface atoms not saturated by the adatoms) takes place, leading to filled and empty dangling bond states mostly localized on the restatoms and adatoms, respectively [14, 18] . More recent STM experiments, however, have found differences in the charge distributions of the two adatoms and the two restatoms within the c(2 X 8) unit cell [9] . These differences suggest the occurrence of structural asymmetries in the c(2 × 8) cell, also qualitatively indicated by LEED [81.
Our calculated optimal T--0 structure of Ge(lll)c(2 X 8) is shown in Fig. 1 . This is found to be lower in energy than the ideal (1 X 1) surface by ~ 0.33 eV/(1 X 1) cell, and lower than Ge(lll)2 X 1 by ~ 0.05 eV/(1 X 1) cell. The agreement between our atomic coordinates and X-ray experiments [17] is excellent: Silfhout has shown that the structure factor intensity along the (10) rod calculated using our atomic positions (averaged to yield a (2 X 2) cell) fits the X-ray as well as his best fit coordinates [11] . Since we do not impose a (2 X 2) unit cell, our surface structure does not have threefold symmetry. It also shows a small deviation from perfect mirror plane symmetry, leading to small but non-vanishing quarter-order structure factor intensities, in agreement with LEED [8] . We find in particular a remarkable inequivalence of the two restatoms (their relative buckling is ~ 0.03 A, and in plane asymmetries are of the order of 0.1 ~,), whereas the inequivalence is quite small for the adatoms. The adatom-restatom structure corresponding to A1-R1, i.e. to the (2 X 2) subunit of the c(2 X 8) cell, is markedly more symmetric with respect to 120 ° rotations than that corresponding to A2-R2 in the c(2 X 4) subunit. These structural asymmetries are accompanied by corresponding asymmetries in the electronic properties. We find a small excess of electron charge in the (2 X 2) subunit of the c(2 X 8) cell. This slight charge imbalance is likely to play a role in the stabilization of the c(2 X 8) with respect to the (2 X 2) and c(2 x 4) adatom structures, which are also occasionally observed by STM [14] . Our calculations yield a value of ~ 0.06 eV/(1 X 1) for the stabilization energy of c(2 X 8) with respect to both (2 X 2) and c(2 x 4). We also found asymmetric features in the surface states. In particular there are two occupied rest atom dangling bond bands, their charge densities asymmetrically distributed on the restatoms. Similarly the empty adatom dangling band is also split in two, however the corresponding "missing" charge density is about evenly distributed between the two adatoms. The splitting of the occupied restatom dangling bonds appears to be responsible for the voltage dependent images of STM experiments [9] . Due to the fact that the mirror plane symmetry is broken, some of the surface states (both occupied and empty) show asymmetric features with respect to mirror plane reflection [19] .
The moderate temperature phase
Between 200 and 300°C the Ge(lll) surface undergoes a phase transition to a disordered structure, characterized by a (1 X 1) diffraction pattern with only a weak and broad remnant of the half-order spots [8] . From the splitting and broadening of the half-order diffraction spots above the transition, Phaneuf and Webb [8] proposed that the intermediate temperature phase could be an incommensurate (2 × 2) structure, that they called I(2 X 2), consisting of an irregular honeycomb arrangement of hexagonal (2 X 2)-reconstructed regions, separated by c(2 X 4)-reconstructed domain walls. Surface core-level shift studies by Aarts et al. [20] indicated that the basic adatom-restatom structure is maintained across the transition, with no significant change in the adatom density. Aarts et al. thus proposed a disordering mechanism in which some of the adatoms move from the T 4 site to the hollow position (H s site). However medium-energy ion scattering (MEIS) [21] , as well as X-ray diffraction experiments [11] found no significant occupancy of the H 3 sites. More recently Feenstra et al, using STM showed that disordering_ occurs by the diffusion of surface adatoms in the [110] directions [10] . They also suggested that to have this kind of diffusion, the adatoms must most likely transit through the H s sites. Several details of the adatom diffusion have been elucidated in STM studies by Hwang et al. [22] , who used light Pb-doping to catalyze atomic motions on Ge(lll), so that these motions could be observed at temperatures below 80°C. Hwang et al. found that the Pb adatoms can temporarily occupy the H 3 sites, while Ge adatoms in the same row shift by one primitive vector to the next T 4 site (towards the emptied site) with an estimated diffusion barrier of ~ 0.6 eV.
They called this collective motion a "vacancy-mediated row shift", because it features the propagation of a (partial) vacancy along the adatom row. Similarly they were able to observe "interstitial-mediated row shifts", where the interstitial Hs-site Pb atom returns to its original substitional T 4 site, forcing also all the Ge adatoms along the row to return back, one after the other, to their initial sites. The estimated activation energy for this motion was ~ 0.8 eV.
Hwang et al. then suggested that similar correlated adatom row shifts associated with the creation of mobile point defects could be the main diffusion mechanism in the clean Ge(111) surface at higher temperatures. In order to find the most favorable diffusion path for the adatoms, we map the potential energy surface by calculating total energies for the adatoms occupying different sites. Our results are summarized in Fig. 2 . In the ideal Ge(111)c(2 × 8) structure, there are two kinds of adatoms (see Fig. 1 ): A 2 symmetrically surrounded by three restatoms, and A 1 asymmetrically surrounded by four restatoms. Both adatoms have three neighboring H 3 sites. Moving a single adatom A 2 to any of its surrounding H 3 sites costs ~ 0.6 eV, and the corresponding activation energy is E D ~ 0.8 eV. The same is true for adatom A 1, except for one H 3 site (hereafter denoted H3D) which is much higher in energy, ~ 1.0 eV, with a corresponding barrier E D ~ 1.2 eV. This happens because one of the first layer atom around this site is already bonded to another adatom [22] . With these activation energies (measured relative to the initial A 2 and A 1 sites respectively), we can estimate the mean lifetime ~-for a Ge adatom to remain on a T4(H 3) site in the simple form r= v -1 exp(ED/ KBT) , where v is the attempt frequency. With E D = 0.8 (0.2) eV and v ~ 1023 s-1, we obtain at T ~ 600 K a value ~-of the order of 10 -6 S for T 4 sites, but only r ~ 10 -11 s for H 3 sites. This large difference clearly explains why experiments are unable to detect adatoms on the H 3 site [21, 11] . So far we have described the jump energetics of an adatom to its neighboring H 3 site. After this initial step, the adatom can either return to its original T 4 site or continue to the next T 4 site. Fig. 2 shows that the energy for a single adatom (either A 1 or A 2) to occupy the next T 4 site is very high. Therefore this single adatom hopping process is highly unlikely. Instead, as shown in Fig. 2 , the most favorable diffusion process is via a correlated row shift of several adatoms, as seen experimentally [22] . In our small cells, correlated adatom motion can be mimicked by a rigid row shift. However, we have also considered the barrier for A 2 to jump to a H 3 site, after a neighboring adatom/5~ 2 in the same row has jumped to its corresponding H'3, and found it to be very similar (~ 0.7 eV) to that of the rigid row shift. These values are in remarkable agreement with the experimental estimates of the activation energies for the vacancy-and particularly the interstital-mediated adatom row shifts [22] . The third potential energy curve shown in Fig. 2 refers to the shifting of an entire row of A 1 atoms toward the H3D sites. As in the case of a single adatom A 1 jumping to its H3D site, the energetics for the motion in this direction is very unfavorable, and as a consequence, the motion in this direction is highly unlikely, as indicated by experiment [10] .
Finally, an additional observation is in order, concerning the physics of adatom diffusion. We find that there is a local flow of surface electronic charge, which accompanies the diffusion of each adatom. The flow has to do with the obvious fact that one restatom and one saturated surface atom switch roles as the adatom moves from a T 4 site to a neighboring H 3 site. The previous restatom loses its extra electron, which goes to the new restatom. When the adatom successively moves on to the next T 4 site along [110] , there is a second switch, and again electron flow in the opposite direction. Altogether, we predict therefore a net electron "backflow" which will accompany either diffusion, or drift, of adatoms on Ge(111) c(2 × 8), and there should be a very similar one also on Si(lll) (7 X 7) surface. An interesting consequence is that a [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] surface current should in principle give rise to peculiar effects. One of them should be a lowering of the disordering (thermal deconstruction) temperature of the Ge(lll) c(2 X 8) ---) (1 X 1) and of the Si(lll) (7 × 7) --* (1 X 1) transitions. Another effect could be a reversed surface electromigrafion. However, we do not have a quantitative estimate of the magnitude of these effects yet.
4. The Ge(lll) surface near the bulk melting temperature Ge(lll) undergoes a further reversible transition at T¢ ~ 1040 K, about 170 K below the bulk melting temperature T M [23] . In recent years, the nature of this transformation has been the subject of much controversy. Some experiments have been interpreted as indicating a static disorder of few layers at T c (LEED [23] , core level [24] , and ellipsometric spectroscopy [25] ). Instead, X-ray data proposed a proliferation of random vacancies in the first bilayer [26] , while different X-ray [11] , ion scattering [27] and photoelectron diffraction data (PED) [28] favored dynamical, liquid-like disorder above T¢. The finding of sharp Bragg spots plus a 180 ° surface symmetry reversal in He scattering above T c has led to yet another proposal, namely a kind of order-order transition where the topmost layer changes from diamond to hexagonal diamond at T c [29] .
We have carried out first principles MD simulations of Ge(lll) at T= 1200 + 100 K ~ T M using the scheme in Ref. [30] . Starting from the adatom c(2 × 8) structure, we observe adatom disordering during the first t ~ 3 ps. At this point (Fig. 3) the surface begins to transform, and all atoms in the first bilayer begin to diffuse. After another ~ 5 ps the transformation is complete. Averages are then taken during a long run of ~ 13 ps. Mean square displacements (Fig. 3) show that the outermost bilayer has become diffusive, with an estimated two-dimensional diffusion coefficient, D = (3.5 + 2) × 10 -s cm2/s. This is smaller, but comparable with that of l-Ge at T M, D O = 8 X 10 -s cm2/s. The second bilayer shows no diffusion at all, and remains solid and stable (Figs. 3 and 4) . Fig. 4 shows the atomic density profile. In this figure, peaks identify layers: a "second layer" (z ~ 6.5/~), a "first layer" (z ~ 7.7 A), and an "adatom" layer (z ~ 8.7 .~). Analysis of atomic in plane trajectories (not shown) indicates that atoms in each of these layers, while diffusing, still spend a large fraction of time in the neighborhood of one of three sublattice sites, marked A, B, and C. We define sublattice populations nis (/=layer index, s---A, B, C) by integrating the z-dependent populations of Fig. 4 (inset) . The first bilayer becomes strongly depleted: nlA "~ 0, ttlB = 5.2, nlc = 5.9, ~snls = 11.1. Here, remarkably, both the regular diamond (B) and the hexagonal diamond (C) sublattices are on average occupied, with very similar probabilities. However, there is a small C excess, nlc -n m = 0.7, and also a small outward protrusion of 0.1-0.2 .~ of the C relative to the regular B sites, due to a repulsion from the distant C sites in the fourth layer [18] . This effect restores a weak asymmetry, now address the more general question of why this semiconductor surface begins to melt below TM, and of why then the liquid film does not grow beyond a bilayer. The sums of solid-liquid and of liquid-vapor interface free energies exceeds that of the solidvapor. Hence, the observed onset of melting implies a strong additional attraction between the solid and the liquid film. Our calculation confirms this attraction, and strongly suggests that it must be related to the metallic character of the film. The fact that the liquid thickness d does not become large at T M, moreover, is also due to metallicity. In fact, in such a case the Hamaker constant H is negative, so that the usual free energy contribution H/d 2 is not only attractive, but also strongly confining.
dominated by the C sites, and therefore opposite to that present below To, where only B sites are occupied. This can precisely explain the weak asymmetry reversal seen by the He-scattering experiment [29] to take place across T¢. The random vacancy islands found in the first layer correlate well with X-ray diffraction [26] . Incomplete melting also agrees with the picture suggested by different X-ray [11] , ion scattering [27] and PED [28] work. Based on our equilibrium atomic trajectories, we have calculated approximate X-ray scattering intensities [7] and find a very good quantitative fit with data of Silfhout [11] . The transition from the crystalline to the disordered surface is also accompanied by important changes in the surface electronic structure. We have calculated the thermally averaged density of electron states (Fig. 5) , and distinguished between surface and bulk states through the wavefunction weight in the first bilayer. We find a clear surface metallization, while the deeper layers remain semiconducting. Very recently, this behavior has been confirmed by EELS measurements of Modesti et al. [12] , who found that the surface conductivity exhibits a very large step-like increase at Tc ~ 1040 K, after which it stays constant up to T M. Moreover the surface free carrier concentration deduced from the EELS intensity is consistent with the assumption that only the top surface bilayer has melted.
Based on this simulation, and on existing experimental information on surface free energies, one can
